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SYSTEM AND METHOD FOR OSCILLATOR
FREQUENCY CONTROL

CROSS-REFERENCE TO RELAT
APPLICATION

T
»

This application claims the benefit of priority afforded by
U.S. Provisional Application Ser. No. 61/602,732, “System

And Method For Oscillator Frequency Control”, filed Feb.
24, 2012.

BACKGROUND

An oscillator circuit, or simply “oscillator,” 1s an electronic
circuit that generates a clock signal at a controlled frequency.
A control circuit typically generates a control voltage that sets
the output frequency of the oscillator clock signal. Both the
oscillator and the control circuit are often manufactured in a
single integrated circuit (“IC”) chip.

An oscillator control circuit typically uses resistive and
capacitive devices to generate the control voltage. These
devices have electrical characteristics that vary based on tem-
perature and manufacturing process variations. During manu-
facture, oscillator control circuits often must be calibrated or
“trimmed.” Trimming compensates for sources ol tempera-
ture and process errors within the control circuit so that,
during post-manufacture operation, the oscillator generates
an approximately constant output clock signal frequency
across temperature and process variations.

One current timming technique involves physically heat-
ing an IC chip and trimming the oscillator control circuit at
various temperatures such that the oscillator generates the
desired clock frequency at each temperature. To trim the chip,
a range of trim values for the control circuit are set on a
trial-and-error basis until the desired output frequency is
achieved at each temperature. This trimming technique, how-
ever, requires substantial time to both heat and sweep through
all possible trim values for each temperature. Since trimming
operations are prolonged, this trnmming technique can
become costly and time consuming and limit the number of
ICs that can be manufactured per unit time.

Another current trimming technique 1nvolves manufactur-
ing the resistive and capacitive devices within an oscillator
control circuit according to precise manufacturing process
specifications. This trimming technique, however, increases
the manufacturing costs per unit IC.

Accordingly, there 1s a need 1n the art for an oscillator
system that mimimizes trimming time and compensates for
temperature and process dependent error sources within the
system.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates an oscillator control system according to
an embodiment of the present invention.

FIG. 2 1llustrates another oscillator control system accord-
ing to an embodiment of the present invention.

FIG. 3 1llustrates a reference voltage generator according,
to an embodiment of the present ivention.

FI1G. 4 1llustrates a reference current generator according to
an embodiment of the present invention.

FI1G. 5 1llustrates a method for trimming an oscillator con-
trol system for frequency control of an oscillator according to
an embodiment of the present invention.

FI1G. 6 1llustrates a method for controlling an oscillator to
generate an output signal at a predetermined output frequency
according to an embodiment of the present invention.
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2
DETAILED DESCRIPTION

Embodiments of the present invention provide techniques
to compensate for sources of temperature and process depen-
dent errors within an oscillator system for frequency control
oscillator output clock signal. The oscillator system may
include a controller and an oscillator circuit. The techniques
may include generating a pair of voltages, a first of which 1s
temperature variant, having (approximately) known tempera-
ture variations across process, and a second of which 1s (ap-
proximately) temperature invariant. Each voltage may be
scaled by a corresponding trim factor. The scaled voltages
may be combined to generate a reference voltage. The refer-
ence voltage may compensate for process and temperature
dependent error sources within the oscillator system to set the
oscillator output clock signal frequency.

The controller and oscillator circuit may be manufactured
in a common integrated circuit “IC”. Embodiments of the
present invention may include a trimming operation, which
may be performed during manufacture of the IC to calculate
trim factors for each of the temperature variant and imnvariant
voltages. As noted above, during post-manufacture operation
of the oscillator system, the voltages may be scaled using the
trim factors and combined to generate the reference voltage.
The trimming operation as described herein for embodiments
of the present invention may enable frequency control of the
oscillator circuit to within 1% accuracy of the predetermined
frequency during post-manufacture operation of the oscilla-
tor system.

The trimming operation may include gathering a set of
measurements from the temperature variant and temperature
invariant voltages, and an untrimmed output frequency of the
oscillator circuit. Following the measurements, the trim fac-
tors may be calculated according to a system of equations.
The trimming operation may be performed at an ambient
temperature for the oscillator system, rather than physically
heating the IC, as 1s necessary for conventional trimming
techniques. This may minimize the time required to trim the
IC during manufacture. Further, trimming time may be mini-
mized by calculating the trim factors rather than sweeping an
entire range of trim values to optimally trim the oscillator
control system.

FIG. 1 illustrates an oscillator system 100 according to an
embodiment of the present invention. As 1llustrated 1n FIG. 1,
the oscillator system 100 may include a controller 110 and an
oscillator circuit 120. The controller 110 may include a ret-
erence voltage generator 112, a reference current generator
114, and a control voltage generator 116. The reference volt-
age generator 112 may recerve a pair of input voltages V1, V2,
data representing a pair of trim factors TFCTR1, TFCTR2,
and may output a reference voltage V ,, ... A first input voltage
V1 provided to the reference voltage generator 112 may be a
temperature variant voltage having approximately known
first-order temperature variations across process. A second
input voltage V2 provided to the reference voltage generator
112 may be an approximately temperature invariant voltage.
For example, the second input voltage V2, may be a bandgap
voltage, which may be calibrated to be approximately tem-
perature mvariant.

The reference current generator 114 may receive the tem-
perature invariant voltage V2, a source potential VDD, and
may generate a relerence current I .. therefrom. The control
voltage generator 116 may receive the reference voltage
V., the reference current I..., a clock signal CLK, and
may generate a control voltage V ., therefrom. The control
voltage generator 116 may generate the control voltage V, by
performing frequency-to-voltage conversion of the reference
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current I . and the clock signal CLK, which may be output
trom the oscillator circuit 120. The oscillator circuit 120 may
receive the control voltage V -, and an input current gener-
ated from a current source I,

During operation, the reference voltage generator 112 may
scale the respective temperature variant and temperature

invariant voltages V1, V2 according to corresponding trim
factors TFCTR1, TFCTR2. The trim factors may be loaded
into the reference voltage generator 112 following a trimming
operation, which may be performed during manufacture of
the oscillator system 100. The trimming operation will be
discussed 1n further detail herein below. The reference volt-
age generator 112 may combine the scaled voltages to gen-
erate the reference voltage V...

As discussed, the reference voltage V ,, - may compensate
for operating variations of the controller 110 resulting from
process and temperature dependent errors sources. For
example, one source of error within the controller 110 may be
the reference current generator 114. Another source of error
within the controller 110 may be the control voltage generator
116. During operation, the reference voltage V... may
actively adjust operation of the control voltage generator 116
such that the control voltage V ., compensates for tempera-
ture and process errors within the controller 110.

The generated control voltage V .., may provide fre-
quency control of the oscillator circuit 120 output clock signal
CLK for a predetermined frequency. By coupling the clock
signal CLK to the control voltage generator 116, a feedback
loop may be created with the oscillator circuit 120, which
may increase frequency stability for the clock signal CLK.
The oscillator circuit 120 as described in FIG. 1 may be
referred to as a “feedback loop” oscillator. In a differentially-
driven system, the oscillator circuit 120 may also generate a
complement clock signal CLK# at the predetermined fre-
quency. In an embodiment, the controller 110 and the oscil-
lator circuit 120 may be manufactured mn a common IC.
Exemplary oscillator circuits and control voltage generators
for use with embodiments of the present invention are
described in the co-pending patent application, U.S. applica-
tion Ser. No. 13/350,035, entitled “Method and Apparatus for
Generating On-Chip Clock with Low Power Consumption,”
filed on Jan. 13, 2012, the contents of which are incorporated
herein 1n their entirety.

In various embodiments, the frequency of the oscillator
circuit 120 output clock signal CLK may be below approxi-
mately 1 MHz. In such embodiments, the reference voltage
generator 112 and the reference current generator 114 may
provide frequency control for the oscillator circuit 120. FIG.
2 1llustrates an oscillator system 200 according to an embodi-
ment of the present invention for low frequency control of an
oscillator circuit 220. The oscillator circuit 220 as described
in FIG. 2 may be referred to as an “open loop™ oscillator. As
illustrated 1n FIG. 2, a controller 210 may include a reference
voltage generator 212, a reference current generator 214.

The reference voltage generator 212 may recerve a pair of
input voltages V1, V2, data representing a pair of trim factors
TFCTR1, TFCTR2, and may output a reference voltage
V.-~ A first mput voltage V1 provided to the reference
voltage generator 212 may be a temperature variant voltage,
having approximately known {first-order temperature varia-
tions across process. A second input voltage V2 provided to
the reference voltage generator 212 may be an approximately
temperature invariant voltage. The reference current genera-
tor 214 may receive the temperature invariant voltage V2, a
source potential VDD, and may generate a reference current
I, therefrom.
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During operation, the reference voltage generator 212 may
scale the respective temperature variant and temperature
invariant voltages V1, V2 according to corresponding trim
factors TFCTR1, TFCTR2. The trim factors may be loaded
into the reference voltage generator 212 following a trimming
operation, which may be performed during manufacture of
the oscillator system 200. The reference voltage generator
212 may combine the scaled voltages to generate the refer-
ence voltage V ,,..... The reference voltage V , ... may actively
adjust operation of the oscillator circuit 220 to compensate
for temperature and process errors within the controller 210
and the oscillator 220.

FIG. 3 illustrates a reference voltage generator 300 accord-
ing to an embodiment of the present invention. As illustrated
in FIG. 3, the reference voltage generator 300 may include
inputs for receiving the temperature variant and invariant
voltages V1, V2, respectively and for a corresponding pair of
trim factors TFCTRI1, TFCTR2. The reference voltage gen-
crator 300 may have an output for a reference voltage V -~
The generator 300 may include a pair of scaling stages 320,
330, each for scaling the corresponding temperature variant
and invariant voltages V1, V2. For example, scaling stage 320
may nclude a register file 322 for storing the trim factor
TFCTR1. A digital-to-analog converter (“DAC”) 324 may
receive the trim factor TFCTR1 and the temperature variant
voltage V1 and generate a first scaled voltage V.~ ;. Scaling
stage 330 may include a register file 332 and a DAC 334 for
performing a similar operation on the temperature invariant
voltage V2 using trim factor TFCTR2 to generate a second
scaled voltage V.,,. The pair of scaled voltages V.,
V.~r- Irom each corresponding scaling stage 320, 330 may
be combined using a summer 340 to generate the reference
voltage V..

As noted, the trim factors TFCTR1, TFCTR2 may be cal-
culated during manufacture using a trimming operation. For
post-manufacture operation of an oscillator control system,
the trim factors TFCTR1, TFCTR2 may be loaded into the
respective register files 322, 332 and used to scale the tem-
perature variant and invariant voltages V1, V2.

In an embodiment, each trim factor TFCTR1, TFCTR2
may be a multi-bit word stored 1n the respective register files
322, 332. In another embodiment, each scaling stage 320, 330
may include a corresponding mput buifer 326, 336 for buil-
ering the iput voltages V1, V2 mput to each DAC 324, 334.
The 1nput butfers 326, 336 may be used to buller spurious
signal noise from the temperature variant and invariant volt-
ages V1, V2. The mput bulfers 326, 336 may also provide
additional temperature stability for the reference voltage gen-
erator 300 for high temperature operation.

FI1G. 4 1llustrates a reference current generator 400 accord-
ing to an embodiment of the present invention. As 1llustrated
in FIG. 4, the reference current generator 400 may include
inputs for the temperature mvariant mput voltage V2 and for
a source potential VDD. The reference current generator 400
may have an output for a reference current I, ~~. The genera-
tor 400 may include an operational amplifier (“op-amp™) 410,
an 1mpedance R1, and a current mirror formed by a pair of
scaling transistors 420.1, 420.2.

The op-amp 410 may recerve the mput voltage V2 at a
non-inverting input terminal. Each scaling transistor 420.1,
420.2 may have a first output commonly coupled to the source
potential VDD. The op-amp 410 output may be coupled to a
control mput of the first and second scaling transistors 420.1,
420.2. A second output of scaling transistor 410.1 may be
coupled to the mverting input of the op-amp 410. The imped-
ance R1 may be coupled between the op-amp 410 inverting
input, the second output of scaling transistor 410.1, and
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ground GND. The output I, .~ may be generated from a sec-
ond output of scaling transistor 420.2.

During operation, op-amp 410 may receive the mput volt-
age V2 and drive an output signal across the scaling transis-
tors 420.1, 420.2, and the impedance R1 to develop the output
current I, ~. The output current I, .~ magnitude may be pro-
portional to V2/R1.

The response of impedance R1 may vary during operation
corresponding to temperature fluctuations, which may, 1n
turn, cause the reference current I, . to fluctuate. The tem-
perature tluctuations may be compensated for by the refer-
ence voltage V.., as generated by the reference voltage
generator 300.

Trimming an Oscillator System

During manufacture of an oscillator system, a trimming,
operation may be performed to calibrate the oscillator con-
troller. Specifically, the trimming operation may calibrate the
reference voltage generator within the controller such that the
reference voltage generator may generate a reference voltage
during normal (post-manufacture) operation, which may
compensate for process and temperature dependent error
sources within the oscillator system. For example, for a feed-
back loop oscillator circuit, the reference voltage may pro-
vide adjustments to the generated control voltage, which may,
in turn, control the frequency of the oscillator circuit output
clock signal to a predetermined frequency. During manufac-
ture, the predetermined frequency may be set by adjusting the
internal impedance of the reference current generator and an
internal capacitance of the control voltage generator within
the controller. In effect, the RC time constant of the imped-
ance and capacitance may set the output frequency of the
oscillator.

For a trimming operation, the temperature variant and
invariant voltages V1, V2 input to the reference voltage gen-
erator may be measured. The period of an oscillator circuit
output clock signal may also be measured (1.¢., the untrimmed
period of the oscillator circuit). From the measurements, trim
tactors (e.g., TFCTR1, TFCTR2 of FIG. 1) for the reference
voltage generator may be calculated. The first trim factor,
TFCTR1 may be used to trim the temperature variant voltage
V1. The second trim factor, TFCTR2 may be used to trim the
temperature invariant voltage V2. Trimming the temperature
variant and 1nvariant voltages V1, V2 may compensate for
both process and temperature dependent error sources.
Hence, compensation for process and temperature dependent
error sources may be coupled using trimming techniques
according to embodiments of the present invention.

For a given oscillator controller (e.g., controller 110 of
FIG. 1, controller 210 of FIG. 2) a system of equations may be
derived which may characterize the oscillator frequency con-
trol provided by the controller. For example, frequency con-
trol for the feedback loop oscillator 120 provided by control-
ler 110 of FIG. 1 may be described as a linear combination of
trim factors TFCTR1 and TFCTR2 applied to voltages V1

and V2 as 1llustrated by the following equation:
P=RC*(IFCITR2-TFCTR1*V1/V2)

Eqgn. 1

For Egn. 1, P may be set to a predetermined clock fre-
quency for the oscillator circuit 120 output clock signal CLK.
The term RC, may be a measured (untrimmed) clock fre-
quency for the oscillator circuit 120 output clock CLK as
measured during a trimming operation. Equation 1 may be
differentiated and set equal to zero as follows:

O0=TFCIR2*TCOp —ITFCITR1*V1/V2*(ICOw+

1COg ) Eqn. 2

For Egn. 2, TCO,.~ may be an approximately constant
temperature coelficient determined by adding a temperature
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coellicient for the internal impedance of the reference current
generator 114 to a temperature coeflicient for an internal
capacitance of the control voltage generator 116. The term
TCO,,, may be an approximately constant temperature coet-
ficient across process for the temperature variant voltage V1.
For a timming operation, Eqns. 1 and 2 may be solved to
determine the trim factors TFCTR1 and TFCTR2.

In an embodiment, the calculated trim factors TFCTRI,
TFCTR2 may be quantized to a predetermined bit width and
stored within the reference voltage generator (e.g., stored 1n
the register files 322, 332 of FIG. 3) for post-manufacture
operation of the oscillator system. In various embodiments,
the measured (untrimmed) clock frequency RC for Eqn. 1
may be scaled by a predetermined scaling factor to adjust for
the clock division, which may be performed within the volt-
age control generator.

In another example, frequency control for the open loop
oscillator 220 provided by controller 210 of FIG. 2 may be
described as a linear combination of trim factors TFCTR1 and

TFCTR2 applied to voltages V1 and V2 as 1llustrated by the
following equation:

P=2FRCYTFCTR2-TFCTRLI*V3/V2)+A Eqgn. 3

For Egn. 3, P may be set to a predetermined clock fre-
quency for the oscillator circuit 220 output clock signal CLK.
The term RC, may be a measured (untrimmed) clock fre-
quency for the oscillator circuit output clock CLK as mea-
sured during a trimming operation. The term A may be equal
to the propagation delay through the comparator(s) within an
oscillator circuit. For low Irequency operation (less than
approximately 1 MHz), the A term may assumed to be zero.
Equation 3 (assuming A may be zero) may be differentiated
and set equal to zero as follows:

O0=TFCIR2*TCOgp—ITFCITR1*V1/V2*(ICOw+

TCOR ) Eqn. 4

For Eqn. 4, TCO,,. may be an approximately constant
temperature coelficient determined by adding a temperature
coellicient for the internal impedance of the reference current
generator 214 to a temperature coellicient for the internal
capacitance the oscillator circuit 220. The term TCO,, may
be an approximately constant temperature coetlicient across
process for the temperature variant voltage V1. For a trim-
ming operation, Eqns. 3 and 4 may be solved to determine the
trim factors TFCTR1 and TFCTR2.

Equations 1-4 illustrate that the trimming techniques as
described for embodiments of the present invention may be
performed for any given oscillator control system, which may
be described, mathematically, as any linear combination of
trim factors TFCTR1 and TFCTR2 and temperature variant
and 1nvariant voltages V1 and V2. The first order temperature
variations of V1 may be approximately known. For a feed-
back loop oscillator circuit, scaling the temperature variant
and invariant voltages V1 and V2 may provide compensation
for process and temperature dependent error sources within
an oscillator control system. For an open loop oscillator cir-
cuit, scaling the temperature variant and invariant voltages V1
and V2 may provide compensation for process and tempera-
ture dependent error sources within an oscillator control sys-
tem and the oscillator circuit itself.

FIG. 5 1llustrates a method 500 for timming an oscillator
control system for frequency control of an oscillator accord-
ing to an embodiment of the present invention. The method
500 may measure a temperature variant voltage (block 510A)
and an approximately temperature mvariant voltage (block
510B). The method 500 may measure the oscillator output
signal period (block 520). Using the measurements, the
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method 500 may calculate trim factors for each of the volt-
ages (block 530). The method 500 may store the trim factors
for use 1n subsequent operation of the oscillator (block 550).

In an embodiment, the method 500 may re-measure the
oscillator output signal clock period (block 560). The method
500 may compare the oscillator output signal period to a
predetermined frequency for the oscillator output signal to
determine a difference between the two (block 570). The
difference may be compared against a predetermined error
threshold (block 580). If the output clock period 1s greater
than the threshold, the method 500 may adjust a trim factor
until the period of the oscillator output signal period falls
below the predetermined error threshold (block 590). The
method may store the trim factor (return to block 550).

In an embodiment, the method may calculate the trim
factors for each voltage according to Eqns. 1 and 2. In another
embodiment, the method may quantize the calculated trim
factors according to a predetermined bit width (block 540). In
such an embodiment, the method may store the quantized
trim factors for frequency control of the oscillator circuit
output signal.

FI1G. 6 1llustrates a method 600 for controlling an oscillator
to generate an output signal at a predetermined output fre-
quency according to an embodiment of the present invention.
As 1llustrated 1n FIG. 6, the method 600 may scale a first
temperature variant voltage with a first trim factor (block
610A) and may scale a second approximately temperature
invariant voltage with a second trim factor (block 610B). The
method 600 may generate a reference voltage from the scaled
first and second voltages (block 620). The method 600 may
generate a reference current using the second approximately
temperature mvariant voltage (block 630). The method 600
may generate a control voltage from the reference voltage, the
reference current, and the oscillator circuit output signal
(block 640). The method 600 may control the oscillator cir-
cuit with the control voltage to generate the output signal at
the predetermined frequency (block 650).

In an embodiment, the method 600 may control the oscil-
lator circuit to generate a complement output signal at the
predetermined frequency.

Several embodiments of the present invention are specifi-
cally illustrated and described herein. However, it will be
appreciated that modifications and variations of the present
invention are covered by the above teachings. In other
instances, well-known operations, components and circuits
have not been described in detail so as not to obscure the
embodiments. It can be appreciated that the specific structural
and functional details disclosed herein may be representative
and do not necessarily limit the scope of the embodiments.

Those skilled in the art may appreciate from the foregoing
description that the present invention may be implemented 1n
a variety of forms, and that the various embodiments may be
implemented alone or in combination. Therefore, while the
embodiments of the present invention have been described 1n
connection with particular examples thereot, the true scope of
the embodiments and/or methods of the present invention
should not be so limited since other modifications waill
become apparent to the skilled practitioner upon a study of the
drawings, specification, and following claims.

I claim:

1. An oscillator control system, comprising:

a relerence voltage generator to recerve a {irst temperature
variant voltage and to scale the first temperature variant
voltage according to a first scaling factor, to receive a
second approximately temperature invariant voltage and
to scale the second approximately temperature mnvariant
voltage according to a second scaling factor, and to
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generate a reference voltage, wherein the reference volt-
age represents a summation of the scaled first and sec-
ond voltages;

a reference current generator to receive the second approxi-
mately temperature mvariant voltage and to generate a
reference current; and

a control voltage generator to receive the reference voltage,
the reference current, and a dock signal and to generate
a control voltage, wherein the dock signal 1s output from
an oscillator circuit, and wherein the reference voltage
adjusts the control voltage to compensate for process
and temperature dependent error sources within the ref-
erence current generator and the control voltage genera-
tor to control the oscillator output signal to a predeter-
mined frequency.

2. The oscillator control system of claim 1, wherein the first
scaling factor compensates for process dependent error
sources within the oscillator control system.

3. The oscillator control system of claim 1, wherein the
second scaling factor compensates for temperature dependent
error sources within the oscillator control system.

4. The oscillator control system of claim 1, wherein at least
one of the first scaling factor and the second scaling factor 1s
a multi-bit word.

5. The oscillator control system of claim 1, wherein the
reference voltage generator includes:

a {irst scaling stage receiving the first temperature vanant

voltage and scaling the first voltage;

a second scaling stage recerving the second approximately
temperature invariant voltage and scaling the second
voltage;

a summation circuit to combine the scaled first and second
voltages.

6. An oscillator control system, comprising;:

a reference voltage generator to recerve a first temperature
variant voltage and to scale the first temperature variant
voltage according to a first scaling factor, to receive a
second approximately temperature invariant voltage and
to scale the second approximately temperature mnvariant
voltage according to a second scaling factor, and to
generate a reference voltage, wherein the reference volt-
age represents a summation of the scaled first and sec-
ond voltages;

a reference current generator to recerve the second approxi-
mately temperature invariant voltage and to generate a
reference current; and

an oscillator circuit to recerve the reference voltage and the
reference current, wherein the reference voltage adjusts
for process and temperature dependent error sources
within the reference current generator and the oscillator
circuit to control an output signal generated from the
oscillator circuit to a predetermined frequency.

7. The oscillator control system of claim 6, wherein the first
scaling factor compensates for process dependent error
sources within the oscillator control system.

8. The oscillator control system of claim 6, wherein the
second scaling factor compensates for temperature dependent
error sources within the oscillator control system.

9. The oscillator control system of claim 6, wherein at least
one of the first scaling factor and the second scaling factor 1s
a multi-bit word.

10. The oscillator control system of claim 6, wherein the
reference voltage generator includes:

a first scaling stage receiving the first temperature variant

voltage and scaling the first voltage;
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a second scaling stage receiving the second approximately
temperature invariant voltage and scaling the second
voltage;

a summation circuit to combine the scaled first and second
voltages.

11. A method for trimming an oscillator circuit output

signal, comprising:

measuring a first temperature variant voltage;

measuring a second approximately temperature mnvariant
voltage;

measuring an untrimmed period of an oscillator circuit
output signal, wherein the untrimmed period of the
oscillator circuit output signal 1s generated at least 1n
part from the first and second measured voltages;

calculating a respective trim factor for each of the corre-
sponding first and second voltages based on the mea-
sured period;

storing the first and second voltage trim factors for use 1n
subsequent operation of the oscillator circuit; and

generating a reference current using the second approxi-
mately temperature invariant voltage.

12. The method of claim 11, wherein the first and second

trim factors are quantized to a predetermined precision.

13. The method of claim 11, wherein the first and second

trim factors are calculated according to P=2*RC*(TFCTR2-

TFCTR1I*V1/V2)+A and O0=TFCTR2*TCOg -~
TFCTR1*V1/V2*(TCO,+TCO, ), and wherein P 1s prede-
termined dock frequency for the oscillator circuit, RC 1s the
untrimmed frequency of the oscillator circuit, V1 1s the first
temperature variant voltage, V2 1s the second approximately
temperature invariant voltage, TFCTR1 1s the trim factor for
the first temperature variant voltage, TFCTR2 is the trim
factor for the second approximately temperature invariant
voltage, A 1s the propagation delay through comparators of
the oscillator circuit, TCO,~ 1s an approximately constant
temperature coetlicient, and TCO -, 1s the 1s an approximately
constant temperature coelficient across process for tempera-
ture variant voltage V1.

14. The method of claim 11, further comprising:

measuring a trimmed period of the oscillator circuit output

signal;

comparing the measured period with a predetermined

period;

if the measured period 1s not within a predetermined error

threshold of the predetermined period,

adjusting the first and second trim factors for each of the
first and second voltages, and repeating the measuring
and comparing until the measured period 1s within the
predetermined error threshold; and

if the measured period 1s within the predetermined error

threshold,
storing the first and second trim factors for subsequent
operation of the oscillator circuit.

15. The method of claim 11, wherein the untrimmed period
of the oscillator circuit 1s generated using the reference cur-
rent.

16. The method of claim 11, wherein the untrimmed period
of the oscillator circuit 1s generated based on a control volt-
age, and the control voltage 1s generated based on the first
temperature variant voltage and the second approximately
temperature invariant voltage.

17. A method for controlling an oscillator circuit to gener-
ate an output signal at a predetermined output frequency,
comprising;

scaling a first temperature variant voltage with a first trim

factor;
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scaling a second approximately temperature invariant volt-

age with a second trim factor;

generating a relerence voltage from the first and second

scaled voltages;

generating a reference current from the second approxi-

mately temperature invariant voltage;

generating an oscillator control voltage using the reference

voltage, the reference current, and the oscillator output
signal; and

controlling the oscillator circuit with the oscillator control

voltage to generate the output signal at the predeter-
mined output frequency.

18. The method of claim 17, wherein the first and second
trim factors are calculated according to P=RC*(TFCTR2-
TFCTR1*V1/V2) and O0=TFCTR2*TCO, ~TFCTR1*V1/
V2*(TCO,,+TCO,, ), and wherein P 1s predetermined clock
frequency for the oscillator circuit, RC 1s the untrimmed
frequency of the oscillator circuit, V1 1s the first temperature
variant voltage, V2 1s the second approximately temperature
invariant voltage, TFCTR1 1s the first trim factor, TFCTR2 1s
the second trim factor, TCO, - 1s an approximately constant
temperature coetlicient, and TCO-, 1s the 1s an approximately
constant temperature coelficient across process for tempera-
ture variant voltage V1.

19. The method of claim 17, wherein the first and second
trim factors are calculated according to P=2*RC*(TFCTR2-
TFCTR1*V1/V2)+A and O0=TFCTR2*TCOg -~
TFCTR1*V1/V2*(TCO, +TCOy ), and wherein P 1s prede-
termined dock frequency for the oscillator circuit, RC 1s the
untrimmed frequency of the oscillator circuit, V1 1s the first
temperature variant voltage, V2 1s the second approximately
temperature invariant voltage, TFCTR1 1s the first trim factor,
TFCTR2 1s the second trim factor, A 1s the propagation delay
through comparators of the oscillator circuit, TCOy~ 15 an
approximately constant temperature coetficient, and TCO;,
1s the 1s an approximately constant temperature coefficient
across process for temperature variant voltage V1.

20. A method for controlling an oscillator circuit to gener-
ate an output signal at a predetermined output frequency,
comprising:

scaling a first temperature variant voltage with a first trim

factor;

scaling a second approximately temperature invariant volt-

age with a second trim factor;

generating a relerence voltage from the first and second

scaled voltages;

generating a reference current from the second approxi-

mately temperature invariant voltage; and

controlling the oscillator circuit with the reference voltage

and the reference current to generate the output signal at
the predetermined output frequency.

21. The method of claim 20, wherein the first and second
trim factors are calculated according to P=2*RC*(TFCTR2-
TFCTR1*V1/V2) and O=TFCTR2*TCO,,.-TFCTR1*V1/
V2*¥(TCO,,+TCO, ), and wherein P 1s predetermined clock
frequency for the oscillator circuit, RC 1s the untrimmed
frequency of the oscillator circuit, V1 1s the first temperature
variant voltage, V2 1s the second approximately temperature
invariant voltage, TFCTR1 1s the first trim factor, TFCTR2 1s
the second trim factor, TCO,~ 1s an approximately constant
temperature coetlicient, and TCO,,, 1s the 1s an approximately
constant temperature coellicient across process for tempera-
ture variant voltage V1.

22. The method of claim 20, wherein the first and second
trim factors are calculated according to P=2*RC*(TFCTR2-
TFCTR1*V1/V2)+A and O0=TFCTR2*TCOg -~
TFCTR1*V1/V2*(TCO,,+1CO, ), and wherein P 1s prede-
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termined dock frequency for the oscillator circuit, RC 1s the
untrimmed frequency of the oscillator circuit, V1 1s the first
temperature variant voltage, V2 1s the second approximately
temperature invariant voltage, TFCTR1 1s the first trim factor,
TFCTR2 1s the second trim factor, A 1s the propagation delay
through comparators of the oscillator circuit, TCOy~ 1s an
approximately constant temperature coetficient, and TCO,
1s the 1s an approximately constant temperature coeflicient
across process for temperature variant voltage V1.
23. A method for trimming an oscillator circuit output
signal, comprising:
generating an untrimmed control voltage for an oscillator
circuit from a first temperature variant voltage and a
second approximately temperature imnvariant voltage;

measuring an untrimmed period of the oscillator circuit

output signal;

calculating a trim factor for the control voltage including a

first voltage trim factor for the first temperature variant
voltage and a second voltage trim factor for the second
approximately temperature invariant voltage based on
the untrimmed period of the oscillator circuit output
signal; and

storing the first and second voltage trim factors for use 1n

subsequent operation of the oscillator circuit,

wherein the untrimmed control voltage 1s generated {from a

reference current, the reference current being generated
based at least 1n part on the second approximately tem-
perature mvariant voltage.

24. The method of claim 23, wherein the oscillator circuit
output signal 1s generated based at least in part on the control
voltage and the reference current.

25. The method of claim 23, wherein the first and second
trim factors are quantized to a predetermined precision.

26. The method of claim 23, wherein the first and second
trim factors are calculated according to P=2*RC*(TFCTR2-
TFCTR1I*V1/V2)+A and O=TFCTR2*TCOg -~
TFCTR1*V1/V2*(TCO,+1TCO, ), and wherein P 1s prede-
termined dock frequency for the oscillator circuit, RC 1s the
untrimmed frequency of the oscillator circuit, V1 1s the first
temperature variant voltage, V2 1s the second approximately
temperature invariant voltage, TFCTR1 1s the trim factor for
the first temperature variant voltage, TFCTR2 is the trim
factor for the second approximately temperature invariant
voltage, A 1s the propagation delay through comparators of
the oscillator circuit, TCO, - 1s an approximately constant
temperature coetlicient, and TCO -, 1s the 1s an approximately
constant temperature coellicient across process for tempera-
ture variant voltage V1.

27. A method for trimming an Oscillator circuit output
signal, comprising:

generating an untrimmed control voltage for an oscillator

circuit from a first temperature variant voltage and a
second approximately temperature invariant voltage;
measuring an untrimmed period of the oscillator circuit

output signal;

calculating a trim factor for the control voltage including a

first voltage trim factor for the first temperature variant
voltage and a second voltage trim factor for the second
approximately temperature invariant voltage based on
the untrimmed period of the oscillator circuit output
signal; and
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storing the first and second voltage trim factors for use in
subsequent operation of the oscillator circuit,

wherein the first and second trim factors are calculated
according to P=RC*(TFCTR2-TFCTR1*V1/V2) and

O0=TFCTR2*TCO,  ~TFCTR1*V1/V2*(TCO, +
TCO,,), and wherein P 1s predetermined dock fre-
quency for the oscillator circuit, RC is the untrimmed
frequency of the oscillator circuit, V1 1s the first tem-
perature variant voltage, V2 1s the second approximately
temperature invariant voltage, TFCTR1 1s the trim factor
for the first temperature variant voltage, TFCTR2 1s the
trim factor for the second approximately temperature
invariant voltage, TCO, ~ 1s an approximately constant
temperature coeflicient, and TCO,, 1s the 1s an approxi-
mately constant temperature coelificient across process
for temperature variant voltage V1.
28. The method of claim 27, wherein the first and second
trim factors are quantized to a predetermined precision.
29. A method for trimming an oscillator circuit output
signal, comprising:
measuring a first temperature variant voltage;
measuring a second approximately temperature ivariant
voltage;
measuring an untrimmed period of an oscillator circuit
output signal, wherein the untrimmed period of the
oscillator circuit output signal 1s generated at least 1n
part from the first and second measured voltages;
calculating a respective trim factor for each of the corre-
sponding first and second voltages based on the mea-
sured period;
storing the first and second voltage trim factors for use in
subsequent operation of the oscillator circuit; and
wherein the first and second trim factors are calculated
according to P=RC*(TFCTR2-TFCTR1*V1/V2) and
0=TFCTR2*TCO,  ~TFCTR1*V1/V2*(TCO,,, +
TCO,.), and wherein P 1s predetermined dock fre-
quency for the oscillator circuit, RC is the untrimmed
frequency of the oscillator circuit, V1 1s the first tem-
perature variant voltage, V2 1s the second approximately
temperature invariant voltage, TFCTR1 1s the trim factor
for the first temperature variant voltage, TFCTR2 1s the
trim factor for the second approximately temperature
invariant voltage, TCO, ~ 1s an approximately constant
temperature coetlicient, and TCO,, 1s the 1s an approxi-
mately constant temperature coelficient across process
for temperature variant voltage V1.
30. The method of claim 29, further comprising:
measuring a trimmed period of the oscillator circuit output
signal;
comparing the measured period with a predetermined
period;
11 the measured period 1s not within a predetermined error
threshold of the predetermined period,
adjusting the first and second trim factors for each of the
first and second voltages, and repeating the measuring,
and comparing until the measured period 1s within the
predetermined error threshold; and
11 the measured period 1s within the predetermined error
threshold,
storing the first and second trim factors for subsequent
operation of the oscillator circuit.
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DATED : April 29, 2014

INVENTOR(S) : Bhargav R. Vyas

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

In the Claims
Column 9, line 29, please change:

“dock” to --clock--;
Column 9, line 37, please change:

“1s the 1s an approximately” to --1s an approximately--;
Column 10, line 29, please change:

“dock”™ to --clock--;
Column 10, line 36, please change:

“1s the 1s an approximately” to --1s an approximately--;
Column 10, line 61, please change:

“1s the 1s an approximately™ to --1s an approximately--;
Column 11, line 1, please change:

“dock” to --clock--;
Column 11, line 8, please change:

“1s the 1s an approximately” to --1s an approximately--;
Column 11, line 39, please change:

“dock” to --clock--;

Signed and Sealed this
Twenty-first Day of October, 2014

TDecbatle X oo

Michelle K. Lee
Deputy Director of the United States Patent and Trademark Olffice
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Column 11, line 47, please change:

“1s the 1s an approximately™ to --1s an approximately--;
Column 11, line 50, please change:

“an Oscillator’ to --an oscillator--;
Column 12, line 6, please change:

“dock™ to --clock--;
Column 12, line 14, please change:

“1s the 1s an approximately” to --1s an approximately--;
Column 12, line 36, please change:

“dock™ to --clock--;
Column 12, line 43, please change:

“1s the 1s an approximately™ to --1s an approximately--.
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